Linear Granger causality was used to identify the coupling strength and directionality of information transport between frontal cortex and thalamus during spontaneous absence seizures in a genetic model, the WAG/Rij rats. Electroencephalograms were recorded at the cortical surface and from the specific thalamus. Granger coupling strength was measured before, during and after the occurrence of spike-wave discharges (SWD).
Introduction
Over the years electroencephalography is widely used in clinical practice for the investigation, classification and diagnosis of epileptic disorders. The electroencephalogram (EEG) provides valuable information in patients with typical and atypical epileptic syndromes and offers also important prognostic information.
Absence epilepsy, previously known as petit mal, is classically considered as non-convulsive generalized epilepsy (classification of the International League Against Epilepsy, ILAE) of unknown etiology (refs. in Panayiotopoulos, 1997) . Clinically, absence seizures occur abrupt, last several seconds up to a minute and are accompanied by a brief decrease of consciousness that interrupts normal behavior. Absences may either have or have no facial automatisms, e.g. minimal jerks and twitches of facial muscles, and eye blinks. In humans, EEGs during typical absence seizures are characterized by the occurrence of generalized 3-5 Hz spike-wave complexes which have an abrupt on-and offset (Bosnyakova et al., 2007; Panayiotopoulos, 1997) . Similar EEG paroxysms, spike-and-wave discharges (SWD) appear in rat strains with a genetic predisposition to absence epilepsy, such as GAERS (Genetic Absence Epilepsy Rats from Strasbourg; Vergnes, 1987) and WAG/Rij (Wistar Albino Glaxo from Rijswijk, Coenen and van Luijtelaar, 2003 ; see also http://www.socsci.ru.nl/wagrij/info.0.html). The EEG waveform and duration (1-30 s, mean 5 s) of SWD in rats and in humans are comparable, but the frequency of SWD in rats is higher, 8-11 Hz (Midzianovskaia et al., 2001; Sitnikova and van Luijtelaar, 2007; van Luijtelaar and Coenen, 1986) .
Several modern computational techniques and advanced methods of EEG analysis have been developed to extract "hidden" information from the EEG in order to localize the region of onset and to anticipate the onset of 'absences' as early as possible (in rats, Meeren et al., 2002; Refs. for human data in Mormann et al., 2007) . Our experiments are carried out in WAG/Rij rats (van Luijtelaar and Coenen, 1986) . Every subject of this strain has typical absence seizures that are accompanied with spontaneous SWD in the EEG. Previously we used EEG coherence to measure neuronal synchrony between populations of thalamic and cortical neurons . We found that the onset of SWD was characterized by area-specific increase of coherence and supports the idea that the cortico-thalamo-cortical circuitry is primarily involved in the initiation and propagation of SWD (Meeren et al., 2005; Steriade, 2005) . Coherence is a traditional measure of linear correlations between two EEG channels in the frequency domain, but it does not assume directionality of inter-channel interactions and does not provide temporal (time-domain) information of the EEG signals (Challis and Kitney, 1991) . Granger causality compensates for these limitations (Ancona et al., 2004; Feldmann and Bhattacharya, 2004; Granger, 1969; Hlavackova-Schindler et al., 2007; Pereda et al., 2005) . Granger causality concept can be used to determine directional coupling characteristics between recording sites in intracranial EEG and to reveal active abnormal causal relationships in epileptogenic networks (Chávez et al., 2003; Kaminski et al., 2001) . Usually, Granger causality estimations are performed in long time intervals that include a dozen or even more, basic periods. The pairwise analysis is based on the construction of vector autoregressive (AR) models from bivariate data that estimates how well the current measure of one process can improve the prediction of the future of another process (Granger, 1969) . Here we apply Granger causality to measure the strength of bidirectional functional interactions between neuronal assembles in thalamus and frontal cortex.
The present work aims to measure bidirectional (feedforward and feedback) network interdependences between local field potentials recorded simultaneously from the specific thalamus and the frontal cortex. Granger causality concept will be used to characterize the strength of functional connectivity between the cortical and thalamic EEGs for both directions before, during, and after SWD in rats.
Materials and methods

Animals and EEG data acquisition
Experiments were performed in five male 11-12-month old WAG/Rij rats. The recordings were done at the Department of Biological Psychology, Radboud University Nijmegen in accordance with the European Communities Council Directive (86/609/EEC). Experiments were approved by the Ethical Committee on Animal Experimentation of Radboud University Nijmegen. Distress and suffering of animals were minimal.
EEGs were recorded from brain areas in which seizure activity is known to be the most robust: in the frontal cortex and in the ventroposteromedial thalamic nucleus, VPM (Vergnes et al., 1987) . Stainless steel EEG electrodes were implanted during stereotactic surgery under isofluorane anesthesia. One electrode was placed epidurally over the frontal cortex [AP 2; L 2.5] and the other depth electrode was implanted into the ventroposteromedial thalamic nucleus [VPM, AP −3.5; L 2.5; H 7.2]. Two additional electrodes, ground and reference, were placed symmetrically over the two hemispheres of the cerebellum. All electrodes were identical (diameter 0.25 mm) and had non-insulated tips. The coordinates are given in mm relative to bregma according to the rat brain atlas of Paxinos and Watson (1986) .
After the surgery, animals were allowed to recover during at least 10 days. During this recovery period, animals received postsurgery care and their weight was monitored. Upon completion of the EEG recording sessions, rats were deeply anesthetized with overdose of sodium pentobarbital (200 mg/kg i.p.) and their brains were stained with Nissl. Electrode positioning was verified using the atlas of the rat brain (Paxinos and Watson, 1986) .
EEG recordings were made in freely moving rats in a Faraday cage. Each recording session lasted from 5 to 7 h during the dark period of the day-night cycle. EEG signals were fed into a multi-channel differential amplifier, filtered between 1 and 200 Hz, digitized with 1024 samples/second per channel (CODAS software) and stored on hard disk.
SWD appeared in EEG as a train of stereotypic repetitive 7-10 Hz spikes-and-waves with high amplitude (that exceeded the background more than three times); SWD lasted longer than 1 s (Midzianovskaia et al., 2001; van Luijtelaar and Coenen, 1986) . SWD were detected automatically in the frontal EEG records using the algorithm and original software developed by Dr. Ir. P.L.C. van den Broek (NICI, Radboud University Nijmegen, the Netherlands). This method is based on the detection of steep changes in the EEG.
Granger causality
Let {x n } and {y n } be the two EEG signals (time series) recorded simultaneously in different brain loci. x n and y n are EEG values measured at the n-th time point. In order to study causal relations between x and y, we use Granger's approach and analyze prediction improvement.
First, we fit a univariate autoregressive (AR) model to the EEG data. The model takes the form
(1)
It relates current EEG value to the d previous values, f is some function, e.g., algebraic polynomial whose order and coefficients are to be estimated from the observed data. Eq. (2) shows a widely used linear AR model
Coefficients α i are selected in order to minimize the mean squared error, ε 2
where N is the number of predicted samples in a time series. If the number of model parameters is much less than the number of data points used for the estimation, a minimal value ε 2 x can characterize the accuracy of the model: the less the error, the better the model (self-predictability of the model).
Causal relations between process y and process x are present when prediction of signal {x n } can be improved by incorporation into the model the past of signal {y n } (illustrated in Fig. 1A) . As a result, we construct a 'joint' AR model Eq. (4)
where f and g are polynomials that we determine from the current data. 
In Eq. (5) coefficients ␣ i are chosen using the least-squares estimations method. This method examines mean squared prediction error, ε 2 xy , and when this error appears to be less then the ε 2 x , it is assumed that process y influences process x (Fig. 1A) . In order to measure coupling between channels, we use the relative prediction improvement, the so-called Granger-Sargent statistic (Hlavackova-Schindler et al., 2007) :
Thus, the influence of channel {y n } on channel {x n } is characterized by the value of the normalized prediction improvement s 2 xy and the reverse influence of {x n } on {y n }, s 2 yx is described by an equation similar to Eq. (6) in which x and y should be interchanged.
Application of Granger causality to EEG data
Nonlinear dynamics techniques consider EEG signals as nonlinear process and try to extract some nonlinear features from it. Typically, they require long epochs of stationary data (e.g., Arnhold et al., 1999; Le Van Quyen et al., 1999; Schiff et al., 1996) . Estimations of Granger causality, either linear or nonlinear, are performed under the same conditions. Linear estimates are usually less sensitive to the epoch length, because they are based on relatively simple models (with fewer free parameters). However, the EEG is known to be highly non-stationary (Kaplan, 1998) . This should be taken into account in order to specify the proper time window length for the estimation of autoregressive models when estimating Granger causality.
The choice of length of moving window
In fact, non-stationary is an intrinsic feature of the EEG signal that accounts for complex dynamics of electrical brain activity (Dikanev et al., 2005) . However, the classical estimation of Granger causality requires stationary data. Therefore we segmented the EEG into relatively short epochs in which the EEG signal reveals quasi-stationary behavior.
In order to get a correct approximation to the non-stationary EEG data with the AR model, it is important to define the optimal size of the moving time-window. By shortening the time-window, it is possible to improve the time resolution, but this reduces the reliability of the AR models. In non-stationary EEG data, the time-window should include several repetitive elements. In our case, the time-window lasts 0.5 s; this corresponds to four spike-wave cycles. This size of the time-window was found to be optimal. If the estimation window was shorter than 0.5 s, Granger causality estimations were unstable and longer time-window (up to 1 s) did not improve the stability of coupling estimates.
Selection of the polynomial order (linearity-nonlinearity in EEG signals)
Originally, Granger causality principles were formulated without any assumption about the linearity or nonlinearity of the systems. Traditional Granger causality measures were based on linear models (Granger, 1969; Granger and Newbold, 1977) . In order to make a choice between linear and nonlinear AR models, we compared prediction accuracy of these two models. It was found that the introduction of nonlinearity (such as polynomials of the second and third order) had no significant influence on the prediction quality of the AR model. It was additionally found that a linear AR model was sufficient to describe the dynamic behavior of the baseline EEG. It suggests a predominance of the linear causal relations in non-seizure EEG. In contrast, seizure activity (SWD) contained a nonlinear component, which was not yet modeled. However, the construction of a specific nonlinear AR model that describes seizure-related processes in the EEG is beyond the scope of the present paper.
Adjusting parameters of AR model (the choice of 'dimensions')
The linear AR models Eqs. (2) and (5) are used to calculate the coupling characteristics s 2 xy and s 2 yx . Fig. 1B shows the typical dependence of prediction error ε 2 xy on the dimensions d 1 and d 2 of the AR model for a 0.5 s time-interval of SWD. By increasing the dimensions of the model d 1 and d 2 from 1 to 5, the error of prediction decreases and a minimal error was obtained when both d-values were equal to 5. Further increase of d 1 and d 2 did not improve the accuracy of predictions, therefore, d 1 = d 2 = 5 were selected as optimal dimensions for the chosen model. Such a dependence is typical for the prediction error ε 2 as well.
All this suggests that also in our linear AR model the past of one signal improves the prediction of the other signal. This model provided significant and stable predictions with the chosen parameters (dimensions and time-window size), therefore, it was an appropriate model for the analysis of pairwise causal relations in the chosen EEG pairs.
Statistical evaluation of causal interactions
Coefficients of Granger causality (prediction improvements) were computed using EEG data from the cortical surface (frontal cortex) and from the specific part of the thalamus (ventral basal complex). The first and the last spike in spike-wave sequences were used to mark the onset and the offset of seizure activity. Statistical analysis of the thalamus-to-cortex (s 2 xy ) and cortexto-thalamus (s 2 yx ) causalities was performed in two 10-s EEG epochs ( Fig. 2A) . The first epoch included two 5 s successive intervals, one before seizure onset (pre-SWD), the second was the first 5 s of a seizure (SWD-start). The second 10-s epoch included the last 5 s of a SWD (SWD-end) and the first 5 s after a seizure (post-SWD). Coefficients of Granger causality were computed with bin = 0.0049 (5 samples/1024) and averaged per 0.2 s and per rat. Factorial ANOVA (repeated measures) and post hoc tests (LSD and t-tests for paired observations) were used for the statistical analysis.
Evaluation of statistical significance with surrogate test estimation
There are some undesirable factors (EEG noise, nonlinearities, etc.) that can influence Granger causality measures and might mislead analysis. In order to control for these unwanted factors and evaluate the statistical significance of the Granger causality parameters, we performed surrogate data tests. Surrogate signals were constructed by taking two apparently uncoupled EEG signals recorded in the cortex and thalamus. For that purpose, two randomly chosen SWD were selected in the cortex and thalamus. Either the onset or the end of SWD were matched. Surrogate tests were performed using EEG data from all animals. In total, 1000 random pairs of SWD were made to construct an ensemble of surrogate time series which modelled uncoupled process in the thalamo-cortical system. Granger causalities in surrogate and in original data were computed using the same algorithm. 
Results
All SWD were detected automatically in the full length EEG recordings (6-7 h). In total, 53, 111, 34, 33 and 63 epileptic discharges in five rats were detected and analyzed. Fig. 2B shows the dynamics of Granger causality during absence seizures. Before the onset of SWD, the Granger causality was weak and remained constant until SWD began. The first SWD-related disturbances of Granger's casual relationships were observed about half a second before SWD-onset. This effect was provoked by the seizure itself because the 0.5 s timewindow started to include or capture seizure activity. No changes in Granger causalities were found earlier than 0.5 s before SWD onset, suggesting that a linear approximation does not seem to be suitable for prediction of absence seizures. It can be concluded that the linear cortico-thalamo-cortical associations are reinforced during SWD.
Dynamics of cortico-thalamo-cortical casual interactions at the on-and offset of epileptic discharges
It Fig. 2B , C and Fig. 3A ). Granger causality reached its maximum within half a second after seizure onset (at that moment the time-window completely shifted from pre-SWD to SWD) and remained high during the first 5 s of a seizure.
Quantitative data in Table 1 shows that the onset of SWD was characterized by a significant increase of causalities in both directions as compared to pre-SWD (F = 20.53, d.f. = 1.4, p < 0.02) and that the ascending influence thalamus-to-cortex tended to be stronger than the descending influence cortexto-thalamus (F = 4.75, d.f. = 1.4, p < 0.1) ( Fig. 3B; Table 1 ). Interestingly, the occurrence of SWD was associated with a tendency for a larger increase of the thalamus-to-cortex as compared to the cortex-to-thalamus coupling ( s 2 xy (SWDstart) = 0.117 versus s 2 yx (SWD-start) = 0.037, F (time) = 2.43, d.f. = 1.4, p < 0.1). All this suggests that a reinforcement of pre-SWD existing predominant thalamus-to-cortex coupling accompanied the occurrence of SWD.
Gross changes of Granger causality in the cortico-thalamo-cortical system before, during and after absence seizures
In spite of large between-subject variability in the values of Granger causality causalities (individual data are shown in Fig. 2B and C) , a similar trend of SWD-related changes in Granger causality was observed in all subjects. Group statistics in Fig. 3 illustrate that the mutual relationships between the specific ventroposteromedial nucleus of the thalamus and the frontal cortex became stronger after the onset of SWD. The offset of SWD was characterized by a slight and gradual decrease of Granger causalities in both directions.
A two-factor ANOVA was used to compare the average values of coupling strength on different stages of SWD. Factor 'time' had four levels: pre-SWD, SWD-start, SWD-end, post-SWD and factor 'direction' had two levels: cortex-to-thalamus and thalamus-to-cortex. Both factors were significant: F (time) = 58.4, d.f. = 3.992, p < 0.0001 and F (direction) = 319.6, d.f. = 1.992, p < 0.0001, as well as the interaction F (time × direction) = 17.9, d.f. = 3.992, p < 0.0001. Post hoc LSD tests revealed significant difference of causalities in both directions at pre-SWD and during SWD (Fig. 3B) . The strength of cortex-to-thalamus coupling before (pre-SWD) and after (post-SWD) did not differ (Fig. 3B) .
In contrast, the thalamus-to-cortex coupling did not return to the pre-seizure level immediately after the cessation of the epileptic electroencephalographic activity, as did the cortex-tothalamus coupling. Altogether, the analysis of Granger causality provided new information about neuronal network connectivity during absence seizures. We consider this method as a good alternative to the traditional measurements of functional interactions in the brain. 
Discussion
This study tackles a challenging problem of predictability of absence seizures in EEG. Using the concept of Granger causality, we measured bidirectional (straightforward and backward) linear interdependences between the thalamus and the cortex during absence seizures and obtained new yet comprehensive information about functional thalamo-cortical interactions during absence epilepsy. Traditional methods, such as crosscorrelation analysis of unit activity in a model of generalized epilepsy in cats (e.g. Steriade and Amzica, 1994) and coherence analysis in a genetic absence model demonstrated that the genesis of generalized spike-and-wave discharges required mutual interrelationship between thalamus and cortex. The current study aims to evaluate a novel method for assessing directionality in thalamo-cortical network associations during absence epilepsy and this led to principally new conclusions. (1) Information transfer in the direction 'thalamus → frontal cortex' was more intensive than in the backward direction. This is the first indication of anisotropy in thalamo-cortical interactions (discussed in Section 4.1). (2) Coupling strength 'frontal cortex → thalamus' slightly (but significantly) increased at the onset of SWD and rapidly restored to the initial level before cessation of a seizure. A strong and sustained increase in 'thalamus → frontal cortex' interactions was found not only during SWD, but also after the end of the seizure (discussed in Section 4.2).
Implications of the linear Granger causality in EEG analysis of absence epilepsy
In patients with absence epilepsy, as well as in WAG/Rij rats, spike-wave seizures appear unpredictably from a normal EEG background and associated with sudden behavioral arrest, e.g. 'absences' (Panayiotopoulos, 1997; van Luijtelaar and Coenen, 1986) . As known, SWD are produced in the cortico-thalamocortical oscillatory network (Avanzini and Franceschetti, 2003; Blumenfeld, 2002; Meeren et al., 2002 Meeren et al., , 2005 van Luijtelaar and Sitnikova, 2006) . Traditionally, coherence analysis is used to estimate functional associations between different brain areas (Challis and Kitney, 1991; Pereda et al., 2005) . Previously, we have used coherence to measure linear thalamocortical network associations in the frequency domain ). Granger causality is a time domain measure of functional interactions, assuming directionality and information transfer. Directionality of thalamo-cortical interactions during SWD in WAG/Rij rats has already been explored by means of nonlinear association EEG analysis (Meeren et al., 2002) . It was found that directionally of thalamo-cortical coupling varied throughout the seizure and it was the most constant during the first half a second, when the cortical epileptic focus consistently led the thalamus.
Hereby, by measuring Granger causality we also planned to identify early changes in thalamo-cortical relationships that may anticipate the onset of absence seizures. We adjusted a linear autoregressive model of Granger causality in order to describe causal relations between cortical and thalamic electrical activity during absence seizures in WAG/Rij rats. Surrogate data test confirmed the statistical significance of the observed interdependence.
We first found that the linear estimation of Granger causality provided a good approximation to baseline EEG (pre-SWD), e.g. linear autoregressive model was sufficient to obtain stable results of non-seizure activity. However, with linear estimations of Granger causality we failed to identify early changes of causal relationships that may anticipate the onset of absence seizures. It is however possible that early changes of interdependencies can be described with additional nonlinear autoregressive models or with phase-synchronization methods (Le Van Quyen and Bragin, 2007) . On the one hand, introduction of nonlinearity into the model may be necessary to get comprehensive information about network associations that prerequisite seizure activity or/and take place during a seizure. On the other hand, application of nonlinear AR model requires more careful selection of model parameters (such as dimensions and nonlinear model functions). This piece of work will be done in the future.
Several conclusions can be drawn from the present results. First, 'thalamus → frontal cortex' coupling characteristic, numerically, was greater than that in the opposite direction. This was found before, during and after SWD. The onset of SWD was associated with an amplification of pre-SWD existing tendencies. However, it is difficult to compare couplings in both directions to each other since thalamus and cortex signals are essentially different from each other even in respect of their waveforms (Sitnikova and van Luijtelaar, 2007) . More meaningful is to trace changes in coupling characteristics over time.
Second, 'thalamus → frontal cortex' coupling remained constantly high during a seizure and did not return to pre-SWD level even after cessation of SWD. It seems intriguing that although SWD were stopped, the thalamo-cortical network did not rapidly return to the non-epileptic state and causal relationships remained abnormal. Clinically, both start and end of SWD are regarded as abrupt and unpredictable, but we observe that changes in Granger causalities at the onset of SWD were more sharp and fast as compared with that at the end of SWD (post-SWD periods were characterized by smooth and prolonged changes in Granger causalities).
Third, Granger coupling strength increased with seizure onset, although differentially in two directions: reinforcement of 'thalamus → frontal cortex' coupling was greater than that in backward direction. However, this latter comparison should be interpreted with care, as mentioned above.
Granger causality and functional interactions in epileptic networks
In the present study we elaborate interactions between the frontal cortex and the thalamus during absence seizures. In our rats, EEG records were made in the areas in which seizure activity is known to be the most robust, e.g. in the frontal cortex and specific thalamus (Vergnes et al., 1987) . Direct anatomic connections between these areas are nearly absent, but these thalamic areas send and receive terminals to the somatosensory cortical (Jones, 1985) . This midpoint, the peri-oral region of the somatosensory cortex in WAG/Rij rats, is known as 'epileptic focus' which initiate SWD (Meeren et al., 2002) . In our animals, the frontal EEG electrode was relatively far away from the 'epileptic focus' and we did not measure electrical activity in focal epileptic zone. Interestingly, a French group has recently confirmed and extended the Meeren et al. (2002) data in GAERS (Polack et al., 2007) . They showed that neurons in deep layers of the somatosenory cortex started firing much earlier than the first changes of local field potential could be visualized at the onset of SWD. This exaggerated neuronal firing at the early stages of SWD was only found in neurons localized in the epileptic cortical area, but it neither was detected in other areas in epileptic rats, nor in the similar areas in non-epileptic rats. Equally important is that our previous studies in WAG/Rij rats and others clearly demonstrated that neuronal activity in cortical regions outside the peri-oral area of the somatosensory cortex did not lead thalamic activity during SWD (Inoue et al., 1993; Seidenbecher et al., 1998) .
We study interdependencies between two indirectly connected structures that communicate via the 'epileptic focus': 'thalamus ↔ somatosensory cortex (epileptic focus) ↔ frontal cortex' (Fig. 4) . In order to interpret our results, we put together several theoretical considerations: the 'cortical focus' theory (Meeren et al., 2002 (Meeren et al., , 2005 , our concept on global and local synchronization in oscillatory networks van Luijtelaar and Sitnikova, 2006) and ideas of 'driving' and 'modulating' connections in neuronal networks (Crick and Koch, 1998) . We propose that the 'epileptic focus' not merely triggers, but also acts as a distributor of epileptic activity. In particular, seizure may easily propagate to those areas which have dense connections with the 'epileptic focus' . In order to explain the quantitative differences between coupling strength between the Fig. 4 . Physiological implication of Granger causality estimations. Ascending and descending anatomical connections from the thalamus to the frontal cortex go through the somatosensory cortex (Jones, 1985) . Somatosensory cortex in WAG/Rij rats contains the 'epileptic focus' that triggers epileptic activity (Meeren et al., 2002) . As known, SWD easily spread from the epileptic somatosensory area to the frontal cortex (EEG coherence study, Sitnikova and van Luijtelaar, 2006) . Also anatomic connections 'somatosensory cortex (epileptic focus) → frontal cortex' are stronger than the backward 'frontal cortex → somatosensory cortex' (Kolb, 1990) , this may prompt anterior propagation of SWD from the epileptic cortical zone to the frontal cortex. The 'epileptic focus' has strong connections ('driving connections' in terms of Crick and Koch, 1998) with the frontal cortex ('somatosensory cortex (epileptic focus) → frontal cortex'), but less strong 'modulating connections' with the thalamus ('somatosensory cortex (epileptic focus) → thalamus').
thalamus and frontal cortex, we use a concept of two different kinds of network associations, e.g. 'driving' and 'modulating' connections (Crick and Koch, 1998) (Fig. 4) . We hypothesize that the strong ascending coupling 'thalamus → frontal cortex' may prompt propagation and maintenance of SWD. These are 'driving connections' which are strong and induce an increase of firing activity in corresponding neurons. Less strong 'frontal cortex → thalamus' coupling may correspond to relatively weak 'modulating' connections which prevent spreading of SWD and are, therefore, involved in stopping SWD. In our case, the thalamus may excite the pathway from somatosensory to frontal cortex and this excitation may be a 'driving' force of seizure activity (Fig. 4) . This schema agrees with outcomes of our coherence analysis where we found an enhancement of linear associations between somatosensory and frontal cortical areas at the onset of SWD .
EEG studies in animals: what can we gain from them?
Animals EEG research in epilepsy and other neurological diseases have some advantages. It was advantageous to use the WAG/Rij rat strain in the context of the present study. First, large amount of EEG epochs with seizure activity were required for the statistical analysis. These long time recordings with many SWD are not readily available in humans. Second, our aim was to clarify the role of the thalamus in absence epilepsy (this problem is still far from being solved, e.g. Avanzini and Franceschetti, 2003; Blumenfeld, 2002; Huguenard and McCormick, 2007; Meeren et al., 2005; Steriade, 2005) . For this purpose our animals were implanted with depth thalamic electrodes, yet depth EEG recordings are nearly impossible in patients with absence epilepsy in which invasive depth EEG examination is exceptional. Third, human scalp EEG is affected by volume conduction (the outer tissues of the scalp act as a low pass filter). EEG electrodes in our animals were placed epidurally on the cortical surface. It is crucial that both cortical and thalamic electrodes recorded signals originating directly from the neuronal sources and the influence of volume conduction was excluded.
